A semi-active controller-based Fuzzy logic for a suspension system with magnetorheological (MR) dampers is presented and evaluated. An Inverse Fuzzy Model (IFM) is constructed to replicate the inverse dynamics of the MR damper. The typical control strategies are Linear Quadratic Regulator (LQR) and Linear Quadratic Gaussian (LQG) controllers with a Clipped optimal control algorithm, while inherent time-delay and non-linear properties of MR damper lie in these strategies. LQR part of LQG controller is also designed to produce the optimal control force. After that the LQG controller and the IFM models are linked to control strategy. The effectiveness of the IFM is illustrated and verified using simulated responses of a full-car model. The results demonstrate that by using the IFM model, the MR damper force can be commanded to follow closely the desirable optimal control force. The membership functions of IFM tuned by the results of Clipped optimal strategy. The results also show that the control system is effective and achieves better performance and less control effort than the optimal in improving the service life of the suspension system and the ride comfort of the car.
Introduction
Suspension systems have long been of great concern for car manufacturing industries. They perform multiple tasks such as maintaining contact between vehicle tires and the road, addressing the stability of the vehicle, and isolating the frame of the vehicle from road-induced vibration and shocks. In general, ride comfort, road handling, and stability are the most important factors in evaluating suspension performance.
In the present study, the suspension system of a passenger car is modified to reduce the amplitude of the car vibration caused by applied road profile. In the passive suspension system, the stiffness and damping parameters are fixed and effective over a certain range of frequencies.
To overcome this problem, the use of semi-active suspension systems which have the capability of adapting themselves to changing road conditions by using an actuator has been considered; therefore an MR damper is added to an ordinary suspension system while the other parts of the suspension system are intact. The significance of the MR damper is that its viscosity changes as the magnetic field changes. A schematic model of the MR damper is shown in Fig. 1 .
The considered suspension model is controlled by the applied LQR and LQG controllers. By using employed controller results, the amount of viscosity of the MR damper incorporated with the Clipped optimal strategy can be calculated. Unfortunately, due to the inherent nonlinear nature of the MR damper to generate force, a model like that for its inverse dynamics is difficult to mathematically obtain. For this reason, an inverse Fuzzy model is constructed to copy the inverse dynamics of the MR damper.
Fig.1 Schematic model of MR damper
Interest in a new class of computational intelligence systems known as Fuzzy Logic Controller (FLC) has grown in the last few years. This type of controller has been found to be a powerful computational tool for organizing and correlating information in ways that have been proven to be useful for solving certain types of complex and poorly understood problems. The applications of FLC to the area of structural control have rapidly grown through system identification, system inverse identification or controller replication.
The robust controller is designed based on the Lissajous figure of damping force to control the jerk which is generated by changing of a damping coefficient rapidly by Suzuki et al, Ref. (1) .The fuzzy logic controller and evolutionary genetic algorithm for active suspension systems is utilized by Chiou The previous studies made full use of the advantages of the Fuzzy Logic and the optimal controllers and solved the different problems which lay in the suspension system. Few studies included the combination of the two techniques to solve the time-delay and the inherent nonlinear nature of the MR damper to generate force instantaneously choosing control parameters in semi-active control or active control for full car models with high degrees of freedom. In this paper, four MR dampers are added to a suspension system between body and wheels in parallel with the passive dampers. For the intelligent system, a Sugeno inference engine with linear output is adopted. In order to verify the effectiveness of the proposed IFM control strategy, the uncontrolled system and the clipped optimal controlled suspension system are compared with the IFM controlled system. Through a numerical example under actual road profile excitation, it can be concluded that the control strategy is very important for semi-active control, that the IFM control strategy can determine currents of the MR damper quickly and accurately, and that the control effect of the IFM control strategy is better than the others.
Full car model
In the full-car model, 11-DOFs are assumed, and all wheels and passengers are dependent on each other and on the car body. It is assumed that each wheel has an effect on the spring and the damper of other wheels, and the two axes of the vehicle are relevant. The MR actuator is utilized to damp the effect of road profile on the passengers. Note that the MR shock absorber is added to the axel and the car body. In the full-car model, the effect of body rotations around roll and the yaw axis is simulated. The suspension system using the full-car model has 11-DOFs, four of which for the four wheels, three for the body displacement and its rotations and the last four for passengers. The schematic of the full-car model with 11-DOFs and an additional MR damper is shown in Fig. 2 . The state space form and the corresponding matrices are observed in Eq. (1)~ (9) . E is the location matrix of the actuators. Matrices K, S and T are defined as stiffness, damping coefficient and input matrix due to the wheels stiffness, respectively.
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where M b , m 1 , m 2 , m 3 , m 4 , m 5 , m 6 , m 7 and m 8 stand for the mass of the car body, masses of the four wheels and mass of passengers, respectively. I 1 and I 2 are the moments of inertia of the car body around the two axes, respectively. The terms k 1 , k 2 , k 3 , k 4 , k 5 , k 6 , k 7 and k 8 are the stiffness of the springs of the suspension system and the stiffness of the springs of the passenger seat, respectively. The terms k t1 , k t2 , k t3 and k t4 are the stiffness of the tires. The terms b 1 , b 2 , b 3 , b 4 , b 5 , b 6 , b 7 and b 8 are the coefficients of the car and the passenger seat dampers, respectively. Then, b r1 , b r2 , b r3 and b r4 are the coefficients of the MR dampers, respectively. x 1 , x 2 , x 3 , x 4 , x 5 , x 6 , x 7 , x 8 , x 9 , φ and θ indicate the DOFs of the suspension system model, respectively. The terms x i1 , x i2 , x i3 and x i4 indicate the load profile disturbance, respectively. The numerical values of the model dimensions for obtaining the responses are shown in Table 1 . 
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Control strategy

Clipped optimal algorithm
The clipped optimal control strategy for an MR damper usually involves two steps. The first step is to assume an ideal actively-controlled device and construct an optimal controller for this active device. In the second step, a secondary controller finally determines the input voltage of the MR damper.
That is, the secondary controller clips the optimal force in a manner consistent with the dissipative nature of the device. The block diagram of the clipped optimal algorithm is shown in Fig. 4 .
The clipped optimal control approach is to append a force feedback loop to induce the MR damper to produce approximately a desired control force f c . The Linear Quadratic Regulator (LQR) algorithm has been employed both for active control and for semi-active control. Using this algorithm, the optimal control force f c for f, which is force generated by an MR damper, may be obtained by minimizing the following scalar performance index 
The force generated by the MR damper cannot be commanded. When the MR damper is providing the desired optimal force (i.e., f = f c ), the voltage applied to the damper should remain at the present level. If the magnitude of the force produced by the damper is smaller than the magnitude of the desired optimal force and the two forces have the same sign, the voltage applied to the current driver, Ref. 
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Vol. 5, No. 7, 2011 where V max is 12v and f max is the maximum force produced by the damper (=3,000 N) ; μ is the coefficient relating the voltage to the force (= V max /f max ); H (.) is the Heaviside step function expressed as 0 or 1, Ref. (9) ; and f i is the force produced by i th MR dampers and applied to the structure. In this paper, a simple mechanical model consisting of a Bouc-Wen element shown in Fig. 5 in parallel with a viscous damper is used. This model has been verified to accurately predict the behavior of a prototype shear-mode MR damper over a wide range of inputs in a set of experiments and is also expected to be appropriate for modeling a full-scale MR damper. Moreover, to account for a time-lag in the response of the device to the changes in the command input, the first-order filter dynamics are introduced into the system as follows:
where v is a command voltage applied to the control circuit, and η is the time constant of the first-order filter. The numerical values of the parameters are shown in Table 2 , Ref. (10) . The hysteretic behavior of the MR damper model according to the input voltage is shown in Fig. 6 . 
Road profile simulation
The random road excitation is generated using White Noise as a road irregularity as a disturbance. The Power Spectral Density (PSD) function of the road irregularity is assumed to be in the form of Eq. (20). where σ 2 is the variance of the road profile, ω is the excitation frequency of the road input V is the vehicle forward constant velocity and α r is a coefficient depending on the type of road surface. The typical properties of the unpaved road profile are shown in Table 3 , Ref. (3) . The PSD of the road surface is obtained using the MATLAB. 
Fuzzy controller
Unfortunately, due to the inherent nonlinear nature of the MR damper to generate a force, a model like that for its inverse dynamics is difficult to obtain mathematically. Indeed, for complex and/or ill-defined systems that are not easily subjected to conventional automatic control methods, Fuzzy Logic Controller (FLC) provide a feasible alternative since they can capture the approximate, qualitative aspects of human reasoning and decision-making processes. However, without adaptive capability, the performance of FLCs relies exclusively on two factors: the availability of human experts, and the knowledge acquisition techniques to convert human expertise into appropriate fuzzy if-then rules and membership functions. These two factors substantially restrict the application domain of FLCs.
Because of these reasons, a Fuzzy logic controller is constructed to copy the inverse dynamics of the MR damper and is implemented instead of Clipped method.
The first step of designing Fuzzy controller is determining the basic domains of inputs and outputs. The desired force and measurement velocity responses are chosen as inputs of the fuzzy controller. The output of Fuzzy controller is the voltage of the MR damper, whose basic domains are calculated using Clipped optimal algorithm.
The membership functions are usually chosen in accordance with the characters of the membership functions and designing experience. For simplifying the calculation, triangle or trapezoid form functions are usually adopted as the membership functions. The triangle membership function is more sensitive to inputs than the trapezoid form function, in expectation that the control voltages of the MR dampers are sensitive to excitations and responses, Ref. (14) , but in this case are used Gaussian and triangle form because considered form had better response by trial and error. In this research, Gaussian and triangle functions are adopted as the membership functions of desired force and measurement velocity. The membership function curves are shown in Figs 7~14 .
Here, Sugeno inference engine with linear output is used, the main difference between Mamdani and Sugeno is that the Sugeno output membership functions are either linear or constant. One of the main advantages of Sugeno method is well suited to mathematical analysis and computationally efficient, but Mamdani method is well suited to human input and it is intuitive. The basic idea of the fuzzy rules is that the control voltage increases with the increasing velocity responses. In this research, Or function is max, And function is min and the defuzzification method is chosen as the Weighted Average (wtaver) method. 
Results
The full-car model with the MR damper is modeled by the dynamic equations and state space matrices. One of the desired points of this study is to decrease the amplitude of passengers' displacements and sprung mass accelerations, when the suspension system is excited by the road profile. Therefore, the effect of LQR and LQG controllers and the IFM strategy are simulated for road excitation with calculating their amplitude, and then comparing them with each other. The random road surface is compatibly generated with the power spectral density given in Eq. (20) using a sum of bumpers 7 cm high and 4 cm wide. The displacement and acceleration trajectories for rear-left passenger seat that is excited by the bumper with a height 7 cm and a width 4 cm and with 60 km/h constant velocity in the unpaved road under the rear left wheel are shown in Figs. 15-16 , respectively. Notice that, in all these graphs, time duration is selected for the best resolution and critical responses happen when the car strikes the bumper. The graphs show that this system can be controlled as well when the vehicle hits the bumper. It is also shown that comfort driving is attained by decreasing (the amplitude of the) acceleration.
The road holding for rear-left damper that is excited by considered excitation is shown in Fig. 17 . The stability of the automobile due to using the IFM strategy is acceptable compared with the other two strategies. The trajectory for the optimal force which produces the desired displacement and acceleration with above excitation is shown in Fig. 18 .
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Fig. 19 Requirement voltages to rear-left MR damper from front left wheel excited
According to the graphs above, the trajectories of the IFM strategy can reduce the amplitude of vibration to some extent similar the optimal controllers with less control effort and oscillation.
Conclusions
Usual suspension systems are utilized in vehicles and damp vibration from road profile. However, passive suspension systems have long settling time. When cars are driven in bumpy roads, the passive suspension system driver cannot react effectively. As a result, the usual suspension system cannot damp the excitation with small time intervals. In order to remove this problem the properties of the suspension system should be variable. This task is done by adding MR dampers as actuators to the suspension system.
In order to send commands to the actuator, the LQR controller is utilized. It can decrease the amplitude of the vibration of the passenger seat, but it cannot eliminate the effect of bumpy roads as a disturbance. Therefore, the LQG controller was designed. Unfortunately, due to the inherent nonlinear nature of the MR damper to generate force, a model like that for its inverse dynamics is difficult to mathematically obtain. For this reason, a Fuzzy Logic controller is constructed to copy the inverse dynamics of the MR damper. According to the graphs above, the trajectories of the IFM strategy can reduce the amplitude of vibration to some extent similar the optimal controllers with less control effort and oscillation.
